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ADVANCE RESTRICTED REPORT

HIGH-ALTTTUDE COOLING ew
¥V - COWLING AND DUCTING . . .-, ..
By 8. Katzoff

! SUMMARY

A discussion 1s given of the variations with altitude of the
alr-volume requiremenmts of the cerburetor ani the various cooling
elements, and the effects of these variations on duct design for
high-altitud.e airplanes are shown. The fundamental prinoiples in
the design of efficient duct inlets, expanding passages, and out-
lets are presented, with special reference to the avoldance.of
flow separation or of compreasibility effects; and data are given
to show the magnitude of the effecta discussed and to provide
design oriteriomns.

INTRODUCTION

It is shown in other papers of this geries (references 1 to 4)
that, with increasing altitude, there is a gensral increess in the
volume of air handled within the airplane and a simultaneous
decrease in the pressures availlsble for effecting its flow. Rffi-
clent ducting is clearly essential if the necessary quantities of
alr are to flow under the influence of the avallable pressures.
Faulty design has a direot effect on the attainable altitude,
because of elither excessive loss of ram 1n the carburetor scoop,
fallure to provide the necessary cooling, or reduction in the power
available for olimb O.us i:o the 1noraa.qe 11; the. power -required to
maintaln flisht. '

The purpose of this paper 18 %o amarizo the erfeots of alti-
tude on air-flow r:guiremanbs to point.out the. resulting effects
on the deslgn'of dudts for ‘high~ a.ltituﬂe a:!rplanes, and to discuss

-"thé gereral prindiples of ‘efficient duct design. The fundemental .
'-prinoiples -the design of dust :l.nleta, expanding passages, anpd .
-eutlets are presented and. some qunnbiﬁative data are given :tq:show
the magnitude of the effects ‘d18cussed and to provide design
oriterions,
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VARTATION OF AIR-FLOW REQUIREMENTS WITH ALTITUDE

A sumary of the altitude problem is contained in figure 1,
which shows the approximate varilation with altitude of the volume
of - air required for the carburetcr and for cooling the air-cooled
engine, the oil cooler, the ethylene-glycol radiator, and the inter-

For comparison, the approximate varlation with altitude of

the flight speed for.the olimb and for the high-speed conditiona a.t
oonstant eng:lne output is a.lso shown in figm'e 1.
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The figure shows, for exemple, thet at 40,000 feet the volume
of alr teken into the carburetor duct is four times the volume of
air taken in at ground level, while the high speed of the airplane
is only 1.5 times the high speed. at ground level. The pattern and
the nature of the flow into a .given duct will be quite different
for the two conditions (fig. 2). A cerburetor duct that is optimm
for low altitudes 1s obviously far from satisfactary at high alti-
tudes; in fact, at 40,000 feet the losses resulting from separation
at the ‘inlet and. the ert.remely high duct velooities would correspond
to a loss of at least 3000 feet of ram. This remarkablr high i’igln-e
.results fran the reduced density in two ways:

- (l) Pressure losses are roughly proportional to the d;mnio
pressure. In the case of the carburetor duct, since pV is

constant for consta.nt power, pvzlz ie 1nveraaly proportional
to p.

(2) The altitude difference Ah corresponding to a given
pressure loss -Ap 1s given approximately by the equation

AB = -AP
(21

that 1s, Ah 1is also lnversely proportional to p. The intercooler
duct offers the most extreme exemple of verletion of air-flow -
requirement with altitude, for, in typlcal supercharger operatlon,
the intercooler may not be needed at all up to 10,000 feet, above
which its air-flow requirement varies similarly to that shown far
the carburetor. The ethylene-glycol rediator anmd the oil-cooler
ducts will, however, be approximately satisfactory for all alti-
tudes up to 40,000 feet because the variation of airplane speed
epproximately metches the variations of air-flow requirements, so
that the patterns of the flow into them will not have to change
wvith altitude. The problem presented by the air-eooled engine
appears from figuwre 1 to be simlilar to but not quite so unfavorable
as that presented by the carburetor; the ilnlet problem in the case
of the engine appears, however, only when a lerge splmner 1s used,

It. will be clear from the foregoing discusslon that particular
attention must be given to the duot systems in the early layouts
of a high-altitwle airplane. Since pressure losses are proportional
to the local dynamic pressure, it is desirable to maintaln low
velocltles 1n the duots insofar as such velocities are compatible
with the varioua other design requisiteg. A general increase in
the size of duots will result and socme increase.in the airplane
volume may be necessary in order to acccmmodate them.
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m FUNDAMENTAL PRINCIFLES OF DUCT FLOW
Boundary-Layer éppuat:lon

The reterded leyers of low-energy air that flow along solid

- boundaries, such as duct walle and fuselage skin, present the
fundamental difficulties in maintaining streamline flow. Inasmuch
as these layers have a momentim deflciency relative to the main flow,
they tend to come to a stop under the influence of the statioc-pressure
rise associated with any deceleration of the main flow. Opposing
this stoppage 1s the transfer of momentum from the main flow by means
of viscosity or the turbulent interchange of alr magses between the
main flow and the boundary layer; and thls transfer.of momentum will
serve to meintein the flow if the pressure rise is gradual, The main
consideration of streamline design is then the. avoildance of pressure
rises eo steep that the boundary leyer will stop and cause the flow
to separate from the surface.

Flow separation at a point may induce separation over an
exterded region beeide and behind this point or, in other cases,
may 80 reduce the energy of the flow as to cause separation at some
point farther downstream., For these reasons, it is not always pos-
slble to estimate the inorease in dreg or, in general, the loss of
performance that may result from improper design at any particular
point. Precise design criterions can accordingly be given only in
cartain cases and relatively few quantitative data have been pre-~
-gented in the following sections. Experience has, however, shown
that the principles here discussed generally suffioce for the design
of -satisfactory ducta and that there 1s seldom need to secrifice
these principles as a compromise with other design requirements.

Inlets

Some typlcal inlet types are -shown In figure 5. These inlets
are characterized by different types bf flow and aooordingly have
different design oriterions.

The flow into the inlet of the typical carburetor duct or rear
underslung cooling duct (fig. 3(b)) has the fuselage boundary layer
on the inner wall., Although it is, in general, desirable for inlet
velooltles to be low, a limit 1s set dy the presence of this bound-
ary layer, which will cause the flow to separate at the inlet if
excessive deceleration 1s attempted (fig. 4). An inlet velooity
of 0.5 to 0.6 of the flight speed 1s generally as low as can be
permitted if such separation 18 to be avoided (referehce 5). When
the aspeot ratio - that 1s, the retio of width to height - of the
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opening is low, the high pressure in front of the inlet may move a
largs pert of thia-bowy -leyer to the sides. (fig. 5) and thereby
slleviate the danger of separation. In such & ces®, the permissible
inlet-veloolity ratio may be less than 0.5;: oonsistenb guantitative
data on this effeot atre, however, lacking. The typlecal fromt umder-
slung duct (fig. 3(a)) is-also. more favorable than the rear under-
slung type because the front underslung duct has.only a relatively
thin boundary layer at the inlet; sombwhat reduced inlet velooities

_ have ‘been uned. a't: suoh d.uctn withoub sepuration. :

A f\n'ther reason for 1m1‘b1n5 the inlet velocity :ls that for
very low inlet-velopity ratios, it becomes impoasible. to avoid high -
veloolties over the lip, with the resulting dangér elther of separa~
tion Jjust back of the minimum pressure region or of fermation of a
shock wave at high flight speeds. Figure 6 (fram reference 6) -
shows, for exemple, some pressure distributions over the 1lip of a
oerburetor inlet with different inlet velocitles.: With an inlet-
velooclty ratio of 0.6:the arltical Mach number for thils lnlet,-as -
calculated from the height of the negative-pressure peak, w: be-
about 0,68}, which corresponds tb & speed of sbout 460:miles per - -
hour 'at 40,000 feet. B8ince the flow ovér the lip beoomes more - -
favorable with higher inlet velocities; the best .compramise- for-a:
high-speed, high-altitude airplapne may be to use a:higher inlet -
veloocity,.  : It is.advantageous in general to place .suchiinlets where
the field -of the airplene has already reduced the local-veloelity, ...
as at the nose, or under the wing.. Since:figure 6 shows .more proe: -
nounced negatlve-pressure peaks at the lower 1nlet-velecity.rablos,. -
the flow over the lip might be expected to be most criticelat-the -
lower altitudes vhere, owing to the increased air d.ensity, the
inlet-velocity ratio is reduced, .Actually, because of the reduced
airplane speed and.the increased speed of sound, the flow over the
1lip 18 less o:;itical at the lower altitudes. .

.The qowling and large<spinner arrangement (fig. :5(1’)) produces
an inlet essentially similar to.the type Just disocusged.. Tests of
such designs have alsd indiocated that :I.nlet-veloo:l‘.by z'a.tios o:l’
about. 0.5 are most effioient (referenqe 7).

‘The flow’ into a wing duct’ (f:l.g 3(e))" 18 not _subJect to the
boundary-layer difficulties of the flagw into an unierqlung duct;
however, a certain instability of the fléw is found to ocour vhen.
the inlet velocity is less than 0.30 to 0.35 of the ﬂigh'ﬁ spead.
For this reason, the inlet-vélocity ratio’ ‘cdinot” be reduced below
this range. Actually, owing to the faot ‘that a 1a.1-ge inMt would
cause high velocities over the nose and would, Mn’ general, spoil
the acrodynamic characteristics of the ving, thd usual inlet-
velocity ‘ratios 'are ‘spmewhat above thie range. Considerable cere
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must be taken in locating & ving-duct inlet. If the inlet is placed
too low, the internal flow'will, at low angles, separate from the

]
upper 1ip Just within the inlet (fig. 7(a)). If the.inlet is placed
too high, the internal.flow will sopuatefranthelomlipin
the external flow will separate over the upper lip-at high
attack and thereby induce a premeture stall ‘(fig. 7(b)).
. An example of a satisfactory wing inlet is shown in figure 3(c).

be maintained. . The rotation of ‘the al:l.pstream introduces a further
complication by inoreasing the local angle of attack on the side
" of the upgoing propeller bdlads and deoreasing ths local angle of’

The flow into an NACA - C cowling {fig. 3(e)) is similarly with-
out a boundary layer at.-the inlet. Nevertheleas, owing. to-the flow
instability that results from excessive inlet area and the inter-
"ference of the hub and the blede ‘shanks and of such elements as the
propeller governor or the distributor, the total pressure of the
ocoling air at the cylinder baffles seldom exceeds 0.8q,. At the
higher angles of attack, as in climb, the inlet flow is particularly
poor because the air entora mainly at the bottom with no'flow or,
even reverse flow near the top; the total pressures in fromt of the
upper ‘oylinders are especially low (generally abeut -i0.6q,) for
these conditions. " The NACA C oow:l.ing is 'also unfavorable tq the
attaimment of high speeds because the high speed of the flow over
the nose reduces the ‘critical Mach number 4o about ‘0,63 for the lovw.
angles of attack .and 6 about 0.55 for the climb attitide. "A
negative inclination of the cowling axis would be helpful in thie
respect for an airplane designed. to reach. high'a.lﬁitud.es.

In the BACA Dg cowling (ﬁg. '5(f)) the use of a large. spinner
t0 increase the inlet-velocity ratio, to, about 0,5 not only stabilizes
the flow and improves the uniformity at high angles of attack but
also reduces the local speeds over the nose. Owing to the repid ..
expansion between the emall inlet and the cylinders, the internal
flov may, however, be relatively poor; but, for a cereful design,
the total pressures at the cylinders will be over 0.90q,, which
is appreciably higher than for the NACA C cowling. The long-nose
engine requires the use of a more gradual expansion between the.
inlet and the cylinders and is hence much more favoreble with reaspect
to the internal flow (reference 8). ' Propeller cuffs, if designed
for thruast, can increase the total pressure at the cylinders by
O.lqo and can also make the pressure distribuytion more nearly
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unifarm at the higher. angles of attack. A fan in the-inlet |

- (218. 3(g)) serves to .improve the yniformity- still further, even
with 1nlet-velooity retios as 1ov ‘as 0.25 érd seems, rwbhme R
to lmprove the d.uot expansion back of it.

The fuselage noe_e intet (fig, 3(d)) has found application 1n i
certain speolal designs, The minimm inlet~veloolty ratlo oomn~
sistent with stable and uniform flow- into the inlet and with low
veloolties over the nose will mainly depend on the size of the

opening relative to the maximum ¢cross section of the fuselage.
For example, the. optimn inlet-velooity ratio for the design shown
in figure’ Szd.) is’ about .0,20 (reference 9).

Inletd.esignaha:veunuallyno‘bpravid.ed.anyadauamsntof .
inlet shape to take care.of wvariations in relative flow velooities
accampenying variations -in flight conditions. Where some effort
is made in the design to provide duocts that will be efficient at
all altitudes and.for all flight conditions, it may beccme desir-
eble to provide for variable inlets or for ducts having inlets
that are opensed only above certain altitudes., Perhaps the
simplest compromise for a llquid-cooled englne 1s to use a common
alr Intake and expanding duct placed either under or at the front
of the fuselage or nacelle. The relatively small variation with
altitude 1n the requirements of the ethylene-glycol redlator and
of the oll cooler would temd to minimize the effect of the large
variation of the carburetor and the intercooler requlrements.

For an alr-cooled engine, combining the oll-cooler inlet duct

with the .lntercooler and the carburetor inlet ducts should
similarly help to alleviate the problem; whereas an NACA D
cowling with inlet opening designed for 40,000 feet altitude

would be acceptable at low altitudes in spite of the low inlet-
velocity ratio, especially as there will probably be a blower

in the inlet. For high-speed airplanes, it will probably be neces-
sary for the inlet-velocity ratios at high altitudes to be greater
than the values here indicated as optimum, in order to avoid ham
ful oanpressibility effects In the fJ.ov over. the nose.

E:pa:ﬂins Duota : S
Inasmuch as the velogity at 't.he 1n].et :I.s genera.lly too high -
touseattheooolingunit an expanding passage must be inter- .
posed.  Here again.the aensit:lvity ‘of. the boundary layer restricts’
the permissible rate of expansion.: In the ocase of an undérslung
duot, aince 1md.epleted air enters on the lower wall, the -flow along

thia vall could withstend a conslderable expanslion :Ln a relatively
short distapce without separating. The flow on the upper wall,
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however,  includes. the. thick fuselage boumlary leyer and:will separate
unless the expansion 18: véry gradual. For exemple, some calculations
for a rear unierslung'radlater duct on a typical pursult airplans
indioated that, with an expansion ratio of 2.3:1, a duct length of

8 or 10 feet would be necessary to prevent separation on the upper
swface; vhereas 2 or 3 feet would be adequate to prevent separation
on the lower swrface. The wing duct can,-under -1deal conditions,
heave smooth.flow on both upper amd lower walls and can hence permit

a rapid expansion. . Repid expansion is also permissidble in a rear
underelung duct-if the fuselage boundary layer is peeled off 1nto

. a separate.duot and passed aroumd the cooling unit (fig. 8). A -
somewhet similar result is obtained .with a duct that has a protruding
inlet (fig. 9); the external drag of such an inlet has, however, been
found to -bérhigh. In.néarly ideal  expansions’ of. the types Just dis-
ocusged, the expansion losées. ars very amall - of the order of 2 or

5 peroezrb of the d.ynamlo préasurs e.t 'Hhe 1nlet. . " -

. It is essential tar good ﬂdv to keep obstructions such as
pipes or.structural members out 'of ducts , or at least away from their
nerrowest parta, because-local sepdrations caided by -such obstrye-
tions- may 1nduoe Beparation ove:r an- extended - -area am Bpoll the
e:rbiro flow of ‘bhe d.uot.- s

'.I!he |1oasee of torbal m.-essm the.’o result from separat:lon in an
erpm:l.ns duct depénd ou a 'mumber of factiors, for exempls,
amount .of . expansion that has occurred before the aeparation point
and the slze of -the doad-alr space that is formed. The order of
magnituds of the losses is inmdicated in figure 10 (fram reference 10),
which shows. results for. expensions in channels having thick boundary
leyors .on the walls,  -For the flovw in a ty-p:loal rear underslung duct
with a thick boundary layer: on one well, experience has indicated
that -the ocurve for the rectangular duct genarally undereatimates
the losses and that minimm 1ossea ocour with expa.ns.‘:on angles
-acnevhat less than .'I.O°
It has beoame oustanary in the design of. duote where the flow
along at least one wall 1s questionable to restrict the expansion
angle to between €° and 10°, Although these angles may still be
too large to prevent seperation in some cases, such design will
usually restrict the resulting pressu're loases to a minimum. Where
rapid expansion cannot be avoided,'the bell-shaped expanding duot
(fig..11l) is edvanbageous beokuse the £irst anl most important part
of the expansion is efficlently performed at a emall angle; and: the
presence of the resistence - that 1s,.the cooling element --at the
_end. of. the passage permits a somevha:b '1norea.aed. expansion: ra.te :I.n
the. f*.l.nal s'bage (referenoe ll) S

Sy
L e e
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In other cases, subdividing the passege by vanes into two ar
more passages of smaller expansion angle has-been found advantageous.
With regard to such use of vanes; it must be emphasized that the
subdivision of a passage into several sections does not insure that,
the flow will be distributed in the desired proportions among them,
especially when a thiok boundary layer flows into one of the pas-
sages. The analysis of the flow in such cases simply follows by
Bernoulll's equation and by the requirement that, ‘at the reer of
the vanes, the adjacent layers of alr have the sams sbatlic pres-
sure {reference 5). The correct design 18 indicated in figure 12;
& rear vane, essentially a continuation of the front one, restricts
the exit of the lower pessege, which inareases the velocity at
thet point anmdl correspondingly decreases the static pressure so
that, vhen squal air quantities flow in the two pasaages, the
static prossures at the exits of tho passages are equal.

Outlets

An efficient outlet passage is a smoothly converging duoct
that opens downstreem. (See fig. 12.) The losses’ in such a
pagsege are negligible because the negative pressure gradlent
serves to prevent separation. In spite of the essential
simplicity of such flow, however, flagrant diaregerd of the
principles of good design may result In such large outlet losses
as not only to inorease considerebly the elrplens drag but even
to prevent the-.exit of the required quantity of cooling air,
Examples of such designs are .those that include the exhaust col-
lector ring just within the opening (£ig, 13(a)), those that
require & sudden change in direotion at the outlet (figs. 13(Db)
and (o)), and those that permit the air to find its way out of
wheel wells or other incidental openings.

The necessary area of the exit opening 1s determined as the
ratio of the volume of cooling alr per second to the exit velgo-
ity. The volumes required for the various purposes have been
discussed elsevhere; these volumes must, however, be corrected’
for the reduction in density that occurs in passing through the
cooling unit. The exit velocity ls determined by the exit -..
dynamic pressure, that is, by the difference between the total
pressure of the alr behind the cooling unit and the static pres-.
sure at the cpening.

The total pressure at the outlet is estimated as the aif-
ference between the total pressure at the inlet and the internal
losses. OFf the internal losses, the diffuser losses and the
lossés in the cooling unit have already been discussed. In
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estimating the totel pressure at the inlet, the ingreased. d,ynamic
pressure in the slipstream must be teken :erbo acoount, together with
the fact that the part of the enterihg aelr which oonsti‘l:ubes the
fuselage boundary layer has a mean tota.l-presam'e deficiency of
about 0.12 of the external dynamic pressure.. The losses in the
converging exit passage are negligible under ideal conditions; for
the typical air-cooled engine installation, however, the adcumyla-
tion of pipes and wires behind the engine offers appreciable .
resistance to the flow anmd will account for an additional pressyre
loss of perhaps 5 percent of the preseure lo‘ss through the eng:lne
itself (reference 12). :

The statlic pressure, for an exit like that of figure 12, is
simply the static pressure of .the external flow in its vicinity.
For most .positions along the fuselage, the static pressure will be
very nearly equal to the free-stream static pressure. At the
skirt of a cowling the static pressure will be less than this value
by about 0.lq,; at the upper surface of a wing, 1t will be less
by 0O.lgg to 1.0q,, depeniing on the chordwise location and the
angle of attack; at the lower surface of a wing, 1t may be higher
by 0.lg, to 0.5q,, also depending on the chardwise locatlon and
the angle of attack. A cowl flap extended at an angle of 15° to 30°
to the surface provides within the flap opening & static pressure
less than the statlic pressure of the extermal flow by about 0.4 to
0.6 of the local external dyneamic pressure (references 12 and 13),
depeniing on the flap chord. The use of flaps in climb thus pro-
vides an important increase in the pressuro drop availeble for
cooling, an effect which is further amplified if the flap i1s located
in the slipstream, Figure 14 shows a tentative curve, based on data
from oowling tests, for the variation of the induced negative pres-
sure with flap angle. In the case of a flap at the.rear of am
underslung duct, the effect is probably somewhat less thar that
shown in the figure s owing to the amall aspect ratio of the flap.
Flap engles greater than 30° do not generally serve to increase
the flow, possibly because of the poor duct-outlet shape ccrre-
sponding to such flap angles. - In general, for efficlent design
'(bhe fla.p)opening must be-the minimum area of the outlet pa.ssage
fig. 15 )

A wing duct having its outlet on the upper wing surface, a'bout

0.5 to 0.6 chord back of the leading odge, tends to adjust auto-
matically the flow quantity with speed because of the relative
Inocrease with 1ift coefficlent of the negative pressure at the
outlet. The adjustment ls, however, slight; in cases vhere sat-
isfactory adjustment has been found,- the explanation ie that -the
inlet wad so designed that-there were large inlet losses at low
angles of a.tta.ck and aatisfa.otory inlet flow at high angles of
attack.
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Except for an outlet Yike' that of figure 12, the effective out-

 let area.1s not in general clearly defined. For exemple, results

with outlets Iike that of figure 16 indiocate. that the-inertia of

‘the. external flow has an appreciable effect in reducing the exit

flow; that 1s, if the exit dynemic pressure is taken ag the 4if-.
ference between the internal totdl pressure and the extermal statlo
ressure, it 1s necessary to use an arifice coefficlenmt of 0.5

+% 0.9, depeniing on the ratio of the exit velocity to'sthe veloo-

" 44y -of the external flow. The higher values apply to'.the more
‘usual’ oase in vhich the two velooltles are nearly oequal. .

A flap will generally be provided at the exit in order to
permit adjustment of the flow for the different operating condl-
tions. The lowest curve of figure 17 shows, for example, the
caloulated variation with altitude of the exlt area needad for
the ethylene-glycol radiator duct of the typloal pursult alrplane
of reference 3 at high speed. The exit stetlc pressure has been
assumed equal to the free-stream statlic pressure because the
necessary aljustment can probably be attalned with small flap
angles. If, however, the exit pressure for the olimb condition
were also free-stream statlc pressure, the corresponding outlet
area would becams excessive (uppermost curve of fig. 17). The
negative pressure induced by extenmding the outlet flap accordingly
becamss an essential factor in increasing the exlt veloclty and
thereby keeping the necessary outlet area withln practical limits,
The middle curve of figure 17 shows the outlet area required in
oclimb when the flap angle 1s such as to induce a pressurs reduc-
tion of about 0.45 of ths dynemic pressurs in the slipstream.

For any deeign in which drag reduction 1s an important
consideration, it will be well to keep the internal losses so low
that a flap angle no greater than 129 to 15°. is needed to provide
the necessary exit area and pressure,. The draeg increases rapidly
with larger flap angles; in a typiosl case, with ocowl flaps
extended 30°, the total cooling-drag increment corresponded to
five times the lnternal pump work -Q Ap. In such cases the use .
of a blower, even though not actually essentiel to supply the
necessary mmressure for cooling, may be Justified. ’

With short-span exit flaps, & large pert of the drag is asso-
clated with the flow around the two flap tips. (losing the flap
exds (fig. 18) effects considerably redustion of the drag without
changing the pumping effectiveness- of the flap. .

N
A



12 NACA ARR No. I4I114

e ) § ) Bends

The flow in a bemd is characterized by high veloclty at the
inmer corner aml low velooity at the outer corner (fig. 19). There
1s, acoordingly, a region of rising statio pressure on the inner
wall downstresam of the bend and on the outer wall upstream of the
bend. The flow on the immer wall 1s the more critical and separa-
tion froam the inner wall generally occowrs Just beyond sharp bends.
Increasing the redius of curvature or inoreasing the aspect ratio
of the bend serves to reduce berd losses. An approximate formula
from reference 14 for the pressure loss at & bemd (exoluding the
skin-friction loss) is

-'—AR-a.'bo
q

vhere
~Ap loss of totel pressure in bend
q mean dynemic pressure ln charmel

a,b,c faotors given by figure 20 as functions of angle of bend,
radius of ocurvatuwre, and espeot ratio, respeotively

Such formulas, however, can hardly be general inaamuch as the flow
is influenced by the Roynolds number and the naturo of the boundary
layer on the walls. Other studies. (refercnce 15) indicate somowhaet

higher loases,

If 1t is not practical to use either a large radius of curva-
ture or a high aspect ratio at the bend, the loss at the bond may
nevertholess be reduced to about 0.25¢ by a cascade of twrning
vanes (fig. 21). Ciroular arcs of about 80° owrvature with a
spacing of about Q.4 of their chord and pleced at an angle of
45° to 48° to the upstreem.flow have been found aatisfactory. Some
rounding of the leading edge 1s advisable to make the adjustment
less oritiocal.

The loss at sharp-conmered elbows in circular chammels 1is
shown in figure 22,

The losses at bends ﬁ'equantly constitute the main part of the
losses 1n short ducts of mearly uniform cross section. For longer
ducts, the skin frioction at the walls also becomes an lmportant
faotor. The estimation of this losa wlll seldom be acowrate because
it depends on the type of construction. An approximate formule for
the pressure drop along a uniform duct having t.he usual. manufacturing
irregularities 1a
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I, The indrease in air requirement with increase in gltitude
1 greatest for the intercooleér and least for.the. oll cooler, the
order being; interccoler, carburetor, air-cooled engine, ethylens~-
glyool radiator ¢ Oil cooler. _

2. Condistent adherence to the pr:l.noiples of streamline flow
in duct design is essential for effiocient operation of a high-
altitude alrplane.

3. For fuselage ducts or, in gensral , whora a developad
boundary layer enters on ome side of & duct inlet, the ratio of
inlet velooclty to flight velooity should be at lea.st 0.5 to 0.6
for good inlet flow. For a wing duot the ratlo may be as low
as 0.35.

4. Increased inlet-velocity ratios may be required at high
speeds and high altitudes in order. to avoid oritical speeds over
the nose of the inlet. -

5. The NACA D ocowling gives higher pressuree at the ezigi.ne
and also has a highor critical Mach number than the NACA C ocovling.

6. The difficulties sssociated with the wide variation of the
alr roquirements with altitude for the intercooler and the carburetor
may be alleviated by using a common air intake and expanding duct
for the oerburetor, ilntercooler, ethylone-glycol radilator, and oll
cooler.

7. ¥For a‘wing duot under ideal conditions, ra..pid. expmioxi
between the inlet and the cooling element is permissidle. Foxr an
undersdlung d.uot ‘the expansion must be gradual.

) 8. Dividing vanes are useful 1n permitting a rapid expans:lon
in a ahm-t spacde, but only un:ler ocertain dopditions. .

. 9. No total-presaure .'I.osaes ocouwr in a reaaonably well-
d.es:lgned outlet.

10. The eﬂ’ect:lve owblet area 1s. gemra.],ly lesa tha.n the
geometrio outlet area, espeoially for a flush outle_t.



14 o - BACA: ABR: Nox. L4114

11, Flap deflections of 15° and. 30° reduce the outlet static
pressure by sbout 0.5 and OvE'of" the external dynamic pressure,
respectively. The larger flap deflections, however *y Oause large
increments of drag.

12, The loss of total jressire at & sharp bend in a duct may
excoed. the dynemlc pressure. of the flov in the duct,.

] 13. Bend 1oases w:l.ll be’ gmell ;I.f the seot:lon a.apect ratio is
at least 2 and the radius of curvature is at least ‘twice the depth
ofthechamelorifomedguidemosareusedinthebend. '
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Figure 8. - Inlet of a rear underslung duot having a
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Figure 18.~ Exis flap with olosed ends.
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Figure 11. - The Dell-shaped expanding dust.
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Figure 12, -~ a duct with a rear vane to equalize the flow
when a boundary layer enters the upper
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